Objectives: Counts of missing teeth or measures of incident tooth loss are gaining attention as a simple way to measure dental status in large population studies. We explore the meaning of these metrics and how missing teeth might influence other measures of dental status.
| INTRODUCTION
Associations between oral health and health status are of interest to the public, clinicians and the research community. Epidemiological studies investigating these relationships require measures of oral disease, which ideally would be comprehensive, specific and validated. Nevertheless, the practicalities of dental examinations in large-scale studies mean that simpler measures of dental status may be used. Several studies have reported that having fewer teeth at baseline or losing teeth during study follow-up increases the risk of a range of adverse health outcomes. [1] [2] [3] [4] [5] [6] [7] While there is growing interest in tooth loss as an epidemiological measure of dental status, valid inference from these studies requires an understanding of what is represented by tooth loss.
Observational studies report dental caries and periodontal disease are the most common indications for the extraction of permanent teeth, but the relative importance may change between studies with evidence for effects of age (the reasons for tooth loss differ between age groups), period (the reasons for tooth loss change with time), and population (the reasons for tooth loss differ by socioeconomic-status and culture). [8] [9] [10] [11] [12] [13] Thus, studies examining tooth loss would ideally be designed to allow the relative importance of dental caries and periodontal disease to vary between populations and older and younger participants in the same population.
To clarify the meaning of tooth loss in the epidemiologic context, it would be helpful to use longitudinal data. A few studies report on tooth survival over time or trends in repeated cross-sectional samples [14] [15] [16] [17] [18] [19] but most rely on self-reported tooth loss with limitations in validity, 14, 16, 17 or are performed in selected patient groups with limitations in generalizability into the general population. 19, 20 To date, the largest published longitudinal analysis of changes in dental status comes from the Dunedin study, a prospective cohort study of approximately 1000 participants born in 1972/1973. [21] [22] [23] This study provides insight up to age 38, where levels of tooth loss remain low. 21 Thus, large-scale studies with population-based, clinically assessed, longitudinal data in participants older than 40 years where tooth loss may occur, 24, 25 are needed but to date such studies are scarce. 26 The reasons for loss of permanent teeth (caries, periodontal disease or other causes, such as trauma or orthodontic treatment) In summary, tooth loss is entering routine use as an epidemiological measure of dental health, but the properties of this measure are not well understood. We aimed to examine the drivers of tooth loss and analytical implications of using different dental indices by: (i)
describing the major determinants of incident tooth loss from over 290 000 person-years of participant-level dental follow-up; and (ii)
identifying whether caries experience (as represented by WHO caries indices) is independent of periodontal status in 2 large and adult populations with contrasting diet, healthcare systems and ethnicity.
| METHODS
This study was conducted in 2 independent populations, in Sweden and the Republic of Korea (hereafter "Korea"). The Swedish arm included participants from the Gene-Lifestyle Interactions and Dental Endpoints (GLIDE) study which previously contributed to the GLIDE consortium, 29 while the Korean arm included participants from the Korea National Health and Nutrition Examination Survey (KNHANES).
Gene-Lifestyle Interactions and Dental Endpoints dental data were obtained from clinical examinations performed by dentists working in Public Dental Service clinics in the County of V€ asterbotten, Northern
Sweden and recorded in electronic dental records. Data from surfacelevel assessment of caries, restorations, missing teeth and periodontal examination are stored in a regional register. The participants were recruited from the population-based V€ asterbotten Intervention Program (VIP) 30 by linkage to the dental register using a 12-digit personal identity number. Those with a dental record available within a 5-year window from a VIP visit were included. Participants aged ≥18 years were included with no exclusions for maximum age. For longitudinal analysis, participants needed to have multiple outcome data available. Information on demographic characteristics and smoking behaviour was from the VIP records. Detailed information is given in the Appendix S1.
The KNHANES is a national cross-sectional survey which includes a new sample of approximately 10 000 individuals each year. KNHANES aims to achieve a sample which is representative of the noninstitutionalized civilian population of Korea, using a stratified, multistage probability cluster study design. KNHANES performs health interviews and health examinations in a mobile examination centre with a nutritional survey 1 week later in participants' homes.
Between 2008 and 2014, the health examination included clinical assessment of dental caries experience with surface-level dental charting for all adult participants. Periodontal examination was undertaken during 2008-2010 and 2012-2014 using index teeth, 31 as described in the Appendix S1. The KNHANES study and protocol is described in full elsewhere. 32 Participants were eligible if they were aged 18 years or older at the time of screening and had exposure, outcome and covariate data available, with no exclusions for maximum age.
The Community Periodontal Index (CPI) is a 5 level measure of periodontal health which is used to screen for periodontal treatment need and scored separately for 6 regions (sextants) of the mouth. 33 Higher scores indicate worse periodontal health. Participants with a CPI score of 3 or 4 in one or more sextants were classified as having impaired periodontal health. In GLIDE some participants had full mouth pocket charting data rather than CPI scores. These participants were classified as having impaired periodontal health if 4 teeth in the mouth had pocketing of at least 4 mm, or if any tooth in the mouth had pocketing of at least 5 mm. Indices for number of teeth, number of tooth surfaces, decayed missing and filled surfaces (DMFS), decayed missing and filled teeth (DMFT), decayed and filled surfaces (DFS) and standardized DFS (standardized DFS) were derived from surface-level electronic dental charting excluding third molar teeth.
The demographic variables used in the analyses were age, sex and highest educational level (as a proxy for socioeconomic status). Smoking behaviour was also included using self-reported questionnaire data.
Longitudinal analysis was performed using a Weibull survival model using the "streg, dist(weibull)" function in the statistical package Stata. The exposure variables were baseline demographic and dental variables (including number of teeth) and the outcome was prospective tooth loss. All participants were considered to have entered the study at their first dental examination. At each subsequent dental examination, the number of teeth was compared to the number of teeth at baseline, and participants who lost 1 or more teeth were classified as having undergone failure. The failure time was entered as the time elapsed (in years) between entering the study and the first tooth loss event. Individuals who had not lost a tooth by the last available dental examination were censored, and time was entered as the time elapsed (in years) between entering the study and the final dental examination. All models were fitted with 3 age strata (<45 years, ≥45
to <55 years, ≥55 years at baseline) to allow influence of predictors to vary across strata of age. Univariate models were used to obtain unadjusted hazard ratios for potential predictors, before multiple predictors were fitted simultaneously in a multivariate model.
Cross-sectional analysis tested the association between periodontal status and WHO caries indices. Here periodontal status was considered the exposure and multiple outcomes (eg DMFS, DFS)
were tested. All WHO caries indices represent count data and were therefore analysed using Poisson regression, implemented using the "poisson" function in the statistical package Stata. The beta coefficients from this analysis are difficult to interpret without transformation and were therefore exponentiated. Following standard terminology, we describe the transformed effect estimates as incidence risk ratios (IRR), however, in the context of this cross-sectional analysis, IRR represents the fully adjusted ratio of a given caries index in exposed individuals compared to nonexposed individuals.
For example, an incidence risk ratio of 1.5 for DMFS means the expected DMFS index count in participants with CPI ≥3 is 1.5 times the expected DMFS index count in participants with CPI <3.
| RESULTS
The GLIDE and KNHANES populations included in cross-sectional analysis had comparable sample sizes, mean age and proportion with university-level education (Table 1) . Both populations had greater representation from female than male participants. The KNHANES population contained a greater proportion of active smokers but had lower levels of oral disease (DMFS, proportion with CPI ≥3 and missing teeth) than the GLIDE population. In longitudinal analysis in GLIDE around one-third of participants experienced tooth loss during follow-up, with median time at risk of approximately 12 years.
| GLIDE longitudinal analysis-dental status as a predictor of tooth loss
Participants with CPI 3 or higher had greater hazard for tooth loss than participants with CPI <3 and this effect was larger in younger participants than older participants ( 
| GLIDE longitudinal analysis-age and sociodemographic predictors of tooth loss
Each 1-year increase in baseline age was associated with increasing hazard for tooth loss (Table 3) . Participants aged 55 years and older had a greater increment in hazard for each 1-year increase in baseline age than younger participants. Current smokers had greater hazard for tooth loss than nonsmokers. Higher educational attainment was associated with decreased hazard for tooth loss.
| Analysis of cross-sectional data
We examined the associations between periodontal status and WHO caries indices in GLIDE and KNHANES to evaluate whether these relationships are stable or population-specific. Multiple caries indices were associated with periodontal status (Table 4 ). In GLIDE, participants with CPI 3 or higher had greater incidence risk for caries traits than participants with better periodontal health. These associations were consistent in direction across age groups but were more pronounced in younger participants. KNHANES participants with CPI 3 or higher had similar incidence risk for DMFS as participants with better periodontal health, but the combined estimate masked potential age-specific effects. Younger participants (aged under 45 years) with CPI 3 or higher had higher incidence risk for DMFS than participants with better periodontal health while older participants (≥55 years) with CPI 3 or higher had reduced incidence risk than participants with better periodontal health. Overall, KNHANES participants with CPI 3 or higher had reduced incidence risk for DFS and standardized DFS than participants with better periodontal health ( Table 4) .
| DISCUSSION
Counts of missing teeth or incident tooth loss are gaining traction as a low-cost and simple way to measure dental status at scale. We evaluated incident tooth loss and number of teeth in relation to potential causes and confounders and identified that tooth loss is a complex measure of oral health, requiring caution in both biological interpretation as well as extrapolation between different age groups or populations.
The main strengths of the study are the large sample size with clinically assessed data, representative populations and inclusion of longitudinal data. The Swedish GLIDE participants were recruited through a population-based health screening programme (VIP) with a participation rate >65% and little evidence for selection bias. 34 The KNHANES study is designed to be a representative sample of the noninstitutionalized Korean population and reports participation rates >70%. The study has limitations which should be considered.
While there is value in considering 2 very different populations, this will increase heterogeneity in the estimates. Further, the index-linked data in Sweden were from many dentists, rather than a calibrated team, and although most had their basic training in Sweden and all participated in mandatory supplementary training, both under-and over-scoring would be present. Finally, teeth missing due to dental disease could not be distinguished from other causes, and CPI scores were used as a common basis for comparison across the 2 populations but these scores have limitations and do not provide a clinical diagnosis of periodontal disease.
We evaluated dental status as a predictor of tooth loss in a longitudinal analysis as well as the association between clinically assessed measures of dental status and tooth loss in 2 culturally distinct cohorts of middle aged and older men and women, which has not been performed before at large-scale. Several findings agreed with other studies using self-reported data or repeated cross-sectional population samples, namely that the prevalence of tooth loss, impaired periodontal health and caries experience increase with age and that tooth loss was associated with age, smoking and educational level. The relationship between age and tooth loss appears complex and nonlinear. Each additional year of age at entering the GLIDE study was associated with a greater increment in hazard for older than younger participants. This is a concern for studies exploring the relationship between tooth loss and general health status, as many health outcomes have a nonlinear relationship with age too.
Linear adjustment for age may be insufficient to prevent spurious association between tooth loss and health outcomes.
Worse periodontal health (CPI ≥3) was associated with higher standardized DFS in GLIDE but lower standardized DFS in KNHANES, which may reflect population-specific bias from tooth loss. In GLIDE (where periodontal disease is common and associated with tooth loss) periodontal status may increase the denominator and inflate estimates of caries in people with worse periodontal status. By contrast, in KNHANES (where levels of tooth loss and periodontal disease are lower) the main determinant of missing teeth is likely to be dental caries and "accounting" for periodontal tooth loss leads to a bias in the opposite direction. This variability may be influenced by genetic, lifestyle and health care structures altering the balance between competing and interacting risk factors for tooth loss. [34] [35] [36] [37] To catalogue the factors mediating between-population variability in the relationships described here will require a greater number of contrasting populations with measurement of a range of 
28,38
Indices of dental status should provide precise and unbiased estimates for the dental diseases and accounting for bias introduced by missing teeth may refine the existing systems. More than 10 years ago a modification was proposed to the DMFS index which would take into account information from the previous or typical status of other teeth to decide how many surfaces of a missing tooth were likely to be carious. 28 It may be timely to revisit this approach and think about ways to integrate knowledge of caries status, periodontal status and the normative relationships between these traits to define a reasonable estimate for what missing teeth represent in the individual. To estimate the burden of periodontal disease at a group or population level some consideration of the level of missing teeth would be informative, especially in middle aged and older people.
Again, including reasonable prior knowledge, such as allocating a proportion of missing teeth as missing due to periodontal disease in patients where the empirical evidence points to a history of periodontal tooth loss may help. Retrospectively diagnosing previous dental disease which leads to tooth loss will be a challenge in population-level studies but one deserving of the same status as diagnosing periodontal disease and caries present at the time of examination. We also suggest that the existence of age-and population-specific properties of dental indices is an important factor to consider when drawing conclusions from epidemiological studies.
In conclusion, incident tooth loss is a complex measure of dental disease, with multiple determinants. The relative importance of dental caries and periodontal disease as drivers of tooth loss differs between age groups. Measures of dental caries exposure are associated with periodontal status in the studied populations, and these associations can be population-specific. Consideration of the studyspecific properties of these metrics may be required for valid inference in large population studies.
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